A lthough transient ischemic attack (TIA) and minor stroke often cause no long-term physical disability, they are associated with increased longer-term risk of dementia, particularly vascular cognitive impairment (VCI).
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measures of cerebral pathology, particularly MRI-detected white matter macroscopic damage visible as white matter hyperintensity (WMH) and microstructural damage measured with diffusion tensor imaging (DTI). WMH has been associated with increased risk of functional impairment, dementia, stroke, and death. 12, 13 DTI provides more fine-grained measures of white matter integrity, namely as fractional anisotropy (FA, indicating the deviation from pure isotropic diffusion of water mobility) and mean diffusivity (MD, indicating the magnitude of diffusion of the water molecules). These have been shown to more closely correlate with cognitive deficits in patients with VCI. 8 We hypothesized that in patients with TIA and minor stroke, early cognitive impairment shown by low MoCA score but normal MMSE would be associated with lower FA and that the overall correlation with measures of white matter damage would be higher for scores on MoCA than on MMSE.
Methods

Study Population
Patients with TIA/minor stroke (National Institutes of Health Stroke Scale [NIHSS] scale of ≤3) who were enrolled in OXVASC (Oxford Vascular Study) 14 between March 2012 and December 2014 were eligible for inclusion. OXVASC is an ongoing population-based study of the incidence and outcome of all acute vascular events in a population of 92 728 individuals registered with 100 primary care physicians in 9 practices in Oxfordshire, United Kingdom. Multiple methods of ascertainment are used for patients with TIA or stroke, including a daily, rapid-access TIA/stroke clinic, to which participating physicians and the local emergency department refer all individuals with suspected TIA or minor stroke. 14 Written informed consent or assent from relatives was obtained in all participants. OXVASC was approved by the local research ethics committee. Patients were assessed in the acute phase by a neurologist or stroke physician, and all presentations and investigations were reviewed by the senior study neurologist (P.M.R.). MRI brain imaging was performed routinely at baseline in all patients without a contraindication. In addition to routine clinical sequences, the sequences described below were performed in all cases. Patients were followed up face-to-face by a study neurologist at 1 month, and cognitive screening was done with both MMSE and MoCA.
For the purposes of this study, additional exclusion criteria were (1) presence of intracranial hemorrhage, (2) intracranial space occupying lesion, (3) brain defect because of previous neurosurgery or developmental anomalies, (4) evidence of chronic or acute infarcts >2 cm on T1-, T2-weighted, or diffusion-weighted MRI sequences, and (5) significant movement artifacts on MRI that would impair registration.
Imaging Protocol
All images were acquired on a 3-T Verio MRI scanner. 
Measurements of Macroscopic White Matter Damage: WMH
WMHs were automatically segmented on FLAIR images with a newly developed tool, BIANCA (Brain Intensity Abnormality Classification Algorithm), a fully automated, supervised method for WMH detection based on the k-nearest neighbor algorithm, which gives the probability per voxel of being WMH. 15 The total WMH volume was calculated from the voxels exceeding a probability of 0.9 of being WMH and located within a white matter mask. Obtained values were adjusted for the total intracranial volume and log transformed because of their skewed distribution, 16 then analyzed with SPSS (version 22.0).
For voxel-wise analyses, the thresholded and masked WMH maps were binarized and transformed into Montreal Neurological Institute standard space, using FMRIB's nonlinear image registration tool from the FMRIB Software Library (FSL). 17 We further thresholded the transformed maps at 0.5 and applied spatial smoothing of full width at half maximum=6 mm to compensate for registration errors. The obtained images entered in the statistical analysis performed with nonparametric permutation tests using randomize tool in FSL, 18 with age as nuisance covariate, and restricted to a white matter mask. Results were considered significant at P corr <0.05 fully corrected for multiple comparisons using family-wise error correction at the voxel level.
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Measurements of Microstructural White Matter Damage: DTI
Diffusion-weighted images were corrected for head motion and eddy currents, then FA and MD images were created by fitting a tensor model to the diffusion data using FMRIB's Diffusion Toolbox available in FSL, 19 and brain extracted using the Brain Extraction Tool available in FSL. All subjects' data were then aligned into a common space using FMRIB's nonlinear image registration tool. Average FA and MD values from the atlas were extracted from a mask, including all the main white matter tracts in the DTI atlas 20 and analyzed with SPSS (version 22.0). For simplicity, we report results from FA analyses (online-only Data Supplement report MD results).
Voxel-wise analyses of the FA data were performed using TractBased Spatial Statistics (TBSS) available in FSL. 21 The mean FA image was created from the previously aligned FA images and thinned to create a mean FA skeleton which represents the centers of all tracts common to the group. Each subject's aligned FA data was then projected onto this skeleton, and the resulting data fed into voxel-wise cross-subject statistics performed with nonparametric permutation tests using randomise (TBSS) tool in FSL, 18 with age as nuisance covariate. Results within the average skeleton were considered significant at P corr <0.05 fully corrected for multiple comparisons using threshold-free cluster enhancement correction.
Statistical Analyses
First, we investigated correlations of WMH volume and average FA and MD values from the atlas with the MoCA and MMSE across the whole sample by bivariate correlations and partial correlations that included the other cognitive score, demographical variables (age, education, and sex) and imaging variables (hippocampal volume, brain volume, and lacunar infarcts) using SPSS version 22.0. For this purpose, measurements of hippocampal volumes were obtained by manual segmentation on FLAIR images. Brain volume was calculated as volume of the brain-extracted images from FLAIR images using FSL BET. 22 Lacunar infarcts were defined as hypointense lesions on T1 imaging with corresponding hyperintense lesion on FLAIR images with a diameter <15 mm and classified as absent, 1 to 3, or >3. 23 We also performed correlational analyses at voxel-wise level between MoCA and MMSE scores and the WMH maps and skeletonized FA maps to localize, respectively, white matter regions and tracts specifically correlated with the scores. Voxel-wise analyses were performed with age as a covariate and also repeated adding the other cognitive score as additional covariate (see details above).
Second, we compared groups of patients obtained by dividing the sample according to the accepted cutoffs of MMSE <27 and MoCA <26 to indicate cognitive impairment 10 : (g1) normal MMSE and MoCA, (g2) normal MMSE, abnormal MoCA, (g3) normal MoCA, abnormal MMSE, and (g4) abnormal MMSE and MoCA ( Figure 1 ). The groups were compared using χ 2 test or ANOVA as appropriate (SPSS version 22.0). We were especially interested in the planned comparisons between g2 versus g1, which indicates the added apparent value of the MoCA over the MMSE in picking up early cognitive impairment. Because there were significant differences in age and education between the groups in that g1 was younger than g2 (P=0.005) and g4 (P<0.001) and had higher education than g2 (P=0.05), g3, and g4 (P<0.001), we adjusted all the group-comparisons for age and education. We performed the same group comparisons also at the voxel-wise level on WMH maps and skeletonized FA maps to study the anatomic localization of between-groups age-and education-adjusted differences in WMH and FA (details above).
Results
Among 400 consecutive eligible patients, 3 were excluded because of subsequently diagnosed WMH mimics (multiple sclerosis and Cerebral Autosomal-Dominant Arteriopathy With Subcortical Infarcts and Leukoencephalopathy [CADASIL]). The majority of patients (72%) has had a TIA (n=286; mean age, 66.9; female sex, 49.7%), whereas 28% has had a minor stroke (n=111; mean age, 67.9; female sex, 45.9%). There were no significant differences in demographical variables between TIA and minor stroke patients (age, P=0.543; sex, P=0.507). Table 1 reports the characteristics of the 397 patients included in the analyses of WMH. FLAIR images, used for detection of WMH, were available for all the 397 subjects, whereas 12-direction diffusion-weighted MRI images, used for measuring FA (and MD), were acquired from a subsample of consecutive 333 subjects because this sequence was not initially included in the protocol. Analyses on WMH were repeated in the subsample of 333 subjects who had both imaging modalities and gave similar results ( Figure I in 
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significantly different between patients with TIA and patients with minor stroke (Table I in the online-only Data Supplement). Voxel-wise WMH correlational analyses showed that lower MoCA and MMSE scores were each associated with higher likelihood (voxel-corrected P<0.05) of having WMH in the frontal periventricular white matter bilaterally, including anterior and superior corona radiata, inferior fronto-occipital fasciculus, and inferior longitudinal fasciculus (Figure 2 ). Voxel-wise correlations between each cognitive score and WMH were not significant when controlling for the other cognitive score.
Voxel-wise TBSS correlational analyses showed that lower MoCA and MMSE scores were associated with lower FA values in almost all the tracts of the white matter skeleton ( Figure 3A and 3B) . Notably, the voxel-wise TBSS correlations between MoCA and FA remained significant in the anterior thalamic radiation and forceps major after controlling for the effect of MMSE ( Figure 3C ), whereas the voxel-wise TBSS correlation between MMSE and FA was not significant after controlling for the effect of MoCA.
Groups Comparison
Patients with low MoCA and normal MMSE (g2, MoCA<26, MMSE≥27, N WMH =57, N FA =46) had significantly higher WMH volumes (t=3.1; P=0.002) than patients with normal MoCA and MMSE (g1, MoCA≥26, MMSE≥27, N WMH =238, N FA =200), but these differences were no longer significant when controlling for the effect of age, education, or both (t=1.6; P=0.100). However, these patients with low MoCA and normal MMSE (g2) had lower average FA values from the atlas (t=−4.0; P<0.001) than patients with normal MoCA and MMSE (g1), which remained significant after controlling for the effect of age (t=2. Voxel-wise, age-corrected group comparisons showed no significant differences in WMH localization and load between patients with low MoCA but normal MMSE (g2) and patients with normal MoCA and MMSE (g1). However, patients with low MoCA and normal MMSE (g2) had lower FA in almost all white matter tracts relative to those who had normal MMSE and normal MoCA (g1) ( Figure 4B ). No voxel-wise significant differences in WMH or FA were found between g1 and g3 (subjects with normal MoCA and MMSE with respect to those with abnormal MMSE and normal MoCA). As expected, there were significant WMH voxel-wise differences between patients with normal MMSE and MoCA (g1) and those with low MMSE and low MoCA (g4), mainly localized in the bilateral frontal white matter. Similarly, TBSS comparisons showed significantly higher FA in g1 with respect to g4 ( Figure 4A ).
Discussion
We aimed to study the white matter correlates of MoCA and MMSE to specifically test whether the MoCA is more independently correlated white matter damage in patients who had minor cerebrovascular events relative to the MMSE. We showed that, although both MoCA and MMSE scores correlated with measures of white matter damage and, at the voxel level, with the presence of WMH in frontal anterior regions and lower FA in all white matter tracts, these associations were stronger for the MoCA and remained significant even when controlling for the effect of the MMSE. In addition, early cognitive impairment shown by a low MoCA score but normal MMSE was specifically associated with widespread reduced measures of microstructural white matter integrity (FA).
Because patients who had a cerebrovascular event are at higher risk of developing VCI, the OXVASC study represents a unique enriched cohort for the study of mechanisms leading to VCI. In this study, we excluded patients with disabling stroke or large lesions on imaging and only used nonhyperacute cognitive scores so that we could assume that the resulting associations between MoCA/MMSE and white matter damage were not a direct consequence of the acute cerebrovascular damage itself, but rather expression of a shared predisposition to both cerebrovascular disease and VCI. Multivariate correlational analyses showed a greater association of the MoCA with measures of white matter damage in that only the MoCA was independently correlated with WMH volumes and average FA (and MD) after controlling for age and MMSE. Previous studies have shown significant correlations between cognitive scores and measures of volumes of WMH in nondemented elderly individuals, [24] [25] [26] [27] patients with manifest arterial disease, 28 and patients with vascular dementia. 29 Others have shown significant correlations between cognitive scores and FA values in nondemented elderly individuals, 30 including those with small vessel disease. 8, 31 Because the aim of these previous studies was to identify the cognitive correlates of white matter lesions, cognition needed to be assessed with extended neuropsychological batteries, which cannot, however, be routinely used as screening tools in clinical practice or large-scale clinical research studies. Only few studies have specifically explored the imaging correlates of screening tools, such as MMSE or MoCA. 23, 29, 32 Of these, a recent study on patients with vascular mild cognitive impairment reported a significant association of the MoCA with FA but not with WMH volumes. 23 A large study on young and healthy participants showed no significant association between MoCA and WMH volumes. 32 However, because there were no studies in patients with TIA or minor stroke, in the present work, we showed for the first time a greater association of the MoCA with measures of macroscopic (WMH) and microstructural (FA) white matter damage in a prospective population-based cohort of patients seen in a TIA clinic.
The availability of voxel-wise measurement of WMH and FA allowed us to study the anatomic localization of the white matter damage specifically associated with cognitive impairment. Voxel-wise analyses have only been done previously in small samples of patients with subcortical VCI 33 or in large samples of nondemented community-dwelling elderly. 31, 34, 35 We showed in a large cohort of patients with TIA or minor stroke that both lower MoCA and MMSE scores were associated with higher likelihood of having WMH in bilateral frontal periventricular WM and lower FA in almost all white matter tracts of the brain. The widespread involvement of WM tracts resulting from voxel-wise correlational FA analyses for both MMSE and MoCA suggests that white matter microstructural integrity measured with FA is diffusely associated with cognitive performance in patients with TIA or minor stroke. It also suggests that the effect of vascular damage potentially responsible for VCI is widespread by the time it can be detected by changes in MMSE and MoCA, although this needs to be specifically assessed in further longitudinal studies.
Importantly, voxel-wise correlational analyses showed that the MoCA was still independently associated with lower FA in anterior tracts, including the anterior thalamic radiation and forceps major after adjusting for the effect of the MMSE, supporting the notion that the MoCA targets more frontal/executive functions frequently impaired in VCI. 3, 4 The equivalent MMSE correlational TBSS analysis adjusted for MoCA did not give significant results instead, suggesting that the MMSE does not pick up further white matter pathology relative to the MoCA.
Population-based studies had previously shown that, after a TIA or minor stroke, patients frequently have low MoCA but normal MMSE scores. These patients seem to be more functionally impaired than those who have both normal MoCA and MMSE scores and are more likely to have hypertensive arteriopathy. We therefore specifically focused on this patients group and showed that, in a subsequent prospective similar cohort, patients with low MoCA and normal MMSE had lower average FA values and higher average MD values than patients with normal MoCA and MMSE, which remained significant after controlling for age and education. They also had greater WMH volumes but not significantly so after controlling for age and education. This was clearly reflected in the age-corrected voxel-level analyses that showed no significant differences in WMH but widespread reduced FA in patients with low MoCA and normal MMSE, which involved almost all the white matter tracts of the brain. These findings suggest that low MoCA identifies patients with abnormal FA among those with normal MMSE, whereas low MMSE does not pick up any further white matter differences among patients with normal MoCA. Thus, MoCA-detected early cognitive impairment is pathologically significant and reflects widespread damage to the microstructural integrity of the white matter measured with FA, but-interestingly-not greater macroscopic damage visible on MRI as WMH. This confirms our hypothesis that early cognitive impairment shown by low MoCA score but normal MMSE would be associated with subtle, fine-grained microstructural damage, likely to represent an early phase of the process leading to macroscopic damage visible on conventional MRI and advanced dementia.
One limitation of this study is that it was cross-sectional. Longitudinal assessment would have been required to determine whether early changes in the MoCA are predictive of cognitive decline. Another limitation is that differences between MoCA and MMSE were not corroborated by formal neuropsychological testing in all our patients. However, we have previously validated the MoCA and MMSE against neuropsychological standards in our cohort, 36 and our aim was to study the imaging correlates of these screening tools rather than to identify the detailed cognitive correlates of white matter lesions, which have been already done extensively in previous studies. 8, [24] [25] [26] [27] [28] 30 But it is important to emphasize that, although we showed that the MoCA has greater value than the MMSE in detecting pathologically relevant early cognitive impairment, it remains a screening tool to identify patients whose cognitive picture should then be further characterized with extended neuropsychological assessments if clinically indicated. Last, a further limitation of this study is that the reported analyses were not adjusted for the presence of subclinical depression or other neuropsychiatric disorders, which may have influenced the correlations with cognitive screening tools. However, we would expect any confounding to be similar for the MoCA and MMSE.
In conclusion, early cognitive impairment detected by the MoCA and not by the MMSE has well-defined white matter correlates and is therefore pathologically significant. More precisely, the MoCA is independently associated with measures of microstructural white matter damage, which are more sensitive surrogate markers of VCI relative to other imaging measures of white matter damage, including WMH. It is therefore a valid cognitive scale in screening for early VCI.
